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Protein N-myristoylation is a 14-carbon fatty-acid modification that is conserved across eukaryotic species and occurs on nearly 1% of the cellular proteome 1, 2 . The ability of the myristoyl group to facilitate dynamic protein-protein and protein-membrane interactions (known as the myristoyl switch) makes it an essential feature of many signal transduction systems 3 . Thus pathogenic strategies that facilitate protein demyristoylation would markedly alter the signalling landscape of infected host cells. Here we describe an irreversible mechanism of protein demyristoylation catalysed by invasion plasmid antigen J (IpaJ), a previously uncharacterized Shigella flexneri type III effector protein with cysteine protease activity. A yeast genetic screen for IpaJ substrates identified ADPribosylation factor (ARF)1p and ARF2p, small molecular mass GTPases that regulate cargo transport through the Golgi apparatus 4 . Mass spectrometry showed that IpaJ cleaved the peptide bond between N-myristoylated glycine-2 and asparagine-3 of human ARF1, thereby providing a new mechanism for host secretory inhibition by a bacterial pathogen 5, 6 . We further demonstrate that IpaJ cleaves an array of N-myristoylated proteins involved in cellular growth, signal transduction, autophagasome maturation and organelle function. Taken together, these findings show a previously unrecognized pathogenic mechanism for the site-specific elimination of N-myristoyl protein modification.
While seeking to understand how bacterial pathogens regulate the host secretory pathway 7 , we found that S. flexneri potently inhibited cargo transport through the Golgi apparatus ( Supplementary Fig. 1 ). Further investigation showed that the Golgi was severely fragmented after Shigella infection (Fig. 1a) . By contrast, neither Listeria monocytogenes nor Salmonella typhimurium disrupted the Golgi, suggesting that Shigella has evolved a specific, yet poorly understood, mechanism to regulate host organelle function.
Shigella infection requires translocation of more than 20 bacterial 'effector' proteins into host cells through the Mxi-SPA Type III Secretion System (T3SS) 8 . Deletion of mxiD, a component of the needle complex required for T3SS, eliminated Golgi destruction by Shigella infection (Fig. 1d) . To identify the specific effector protein required for this activity, Golgi morphology was assessed after transient transfection of 20 effector genes ( Supplementary Fig. 2a, b) . Both IpaJ and VirA induced profound Golgi fragmentation (Fig. 1b) and inhibited hormone trafficking through the secretory pathway ( Supplementary  Fig. 2c ). However, the other T3SS effector proteins had no discernible effect on Golgi structure or function ( Supplementary Fig. 2a) .
Comparison of cells infected with Shigella DipaJ and DvirA gene deletion strains showed that these mutants induced abnormal Golgi morphologies (Fig. 1c) and variable degrees of Golgi disruption (Fig. 1d ), yet neither mutant alone fully attenuated Golgi destruction. By contrast, the Golgi remained intact and functional in cells infected with DipaJ/virA double mutant strain (Fig. 1c, d ). The Shigella DipaJ/virA strain showed normal host cell invasion, intracellular replication and actin-based motility, suggesting Golgi disruption was specifically caused by these effector genes ( Supplementary Fig. 3 ). Next, in vivo bacterial replication was evaluated using an established mouse model of mucosal infection 9 . The number of recoverable bacteria was sharply reduced (by 100-fold, P , 0.001) by deleting either ipaJ or virA genes compared with wild-type Shigella (Fig. 1e) . As expected, bacterial replication was further attenuated in the Shigella DmixD mutant lacking all T3SS function (Fig. 1e) . We also found reductions in host inflammatory cytokines in mice infected with each Shigella mutant strain (data not shown). Taken together, these data demonstrate that two Shigella effector proteins, IpaJ and VirA, each harbour Golgi inhibitory activity, and are essential and play non-redundant roles for optimal in vivo virulence.
Although VirA was recently shown to inactivate Rab1 GTPase signalling pathways 5 , extra mechanisms are necessary for Golgi destruction during Shigella infection 6 . We therefore focused on IpaJ because its molecular mechanism of action is poorly understood 10, 11 . BLAST database searches identified IpaJ homologues in numerous bacterial species, but this sequence-based alignment did not offer any clues to its function ( Supplementary Fig. 4 ). In contrast, structural-based bioinformatics showed that IpaJ is distantly related to the cysteine peptidase C39-like family of domains of unknown function (annotated DUF3335) (Fig. 2a) . C39-family members cleave leader peptides from bacteriocins with anti-microbial and quorum-sensing activities 12 . Although IpaJ is unlikely to function in these capacities, it harbours the catalytic cysteine (C), histidine (H) and aspartate (D) residues required for peptide bond hydrolysis (Fig. 2a) . As predicted by this alignment, alanine substitutions at C64, H206 or D218 abolished the ability of IpaJ to disrupt host Golgi morphology in transfection studies (Fig. 2b) . In addition, complementation of Shigella DipaJ/virA deletion strain with plasmid expression of IpaJ induced Golgi disruption phenotype whereas IpaJ C64A, H206A and D218A had no effect ( Supplementary Fig. 5 ).
Previous studies have shown that IpaJ induces growth arrest phenotype in yeast 13 . A similar growth inhibitory activity was found with IpaJ, whereas yeast grew normally in the presence of IpaJ C64A, H206A or D218A catalytic mutants (Fig. 2c) . Using a multicopy suppressor screen, we identified three distinct genomic loci that, when introduced on high-copy plasmids, suppressed IpaJ activity in yeast. Two loci encoded ARF1p and ARF2p GTPases, and the third loci encoded VPS15p, a phosphatidylinositol kinase required for yeast vacuole fusion 14 ( Fig. 2d ). Although these data suggest that IpaJ may regulate several host signalling pathways, we focused our initial efforts on ARF GTPases because these enzymes are master regulators of cargo trafficking through the Golgi apparatus 4 . Overexpression of either ARF1p or ARF2p rescued the yeast growth arrest phenotype, thereby defining ARF GTPases as potential substrates of IpaJ (Fig. 2e) .
ARF1 functionally couples guanine-nucleotide exchange (GDP for GTP) and membrane binding (through N-myristoylation) to the recruitment of COPI coat-complex to Golgi membranes as a key step in vesicle fission 4 . Surprisingly, IpaJ had no effect on the guaninenucleotide cycle or GTPase-dependent interactions of ARF1 in vitro ( Supplementary Fig. 6 ). We therefore searched for IpaJ-induced post-translational modifications on ARF1 by 'top-down' mass spectrometry 15, 16 . ARF1 bearing a carboxy (C)-terminal Strep affinity tag (ARF1-strep) was expressed in HEK293T cells and purified by StrepTactin chromatography. We observed an intact monoisotopic molecular mass of 26,895.95 Da and subsequent tandem mass spectrometry (MS/MS) resulted in 30 fragment ions that, together, provided an unambiguous assignment of N-myristoylated ARF1-strep protein ( Fig. 3a and Supplementary Fig. 7a ). Cellular expression of IpaJ resulted in a 266. 35 Da decrease in molecular mass of ARF1-strep, which corresponds closely to the mass of the N-myristoyl group and the amino (N)-terminal glycine (267.22 Da) (Fig. 3b) . Indeed, the MS/MS data support the idea that IpaJ cleaved the amide bond between glycine-2 and asparagine-3, liberating the N-myristoylated glycine from the ARF1 GTPase domain (Fig. 3d and Supplementary Fig. 7b ). ARF1 cleavage was not observed in IpaJ C64A-treated samples, consistent with the function of IpaJ as cysteine protease ( Fig. 3c and Supplementary Fig. 7c ).
Next, we devised a protocol to reconstitute the ARF1 cleavage reaction in vitro (Fig. 3e) . Because Escherichia coli does not express a system for N-myristoylation, ARF1-His was co-expressed with yeast N-myristoyl transferase (NMTp) in the presence of exogenous azideconjugated myristic acid. The lipid state of purified ARF1-His was visualized by fluorescently labelling the azido-myristoyl group by click chemistry 17 ( Fig. 3f, lanes 1 and 2) . Importantly, IpaJ cleaved N-myristoylated ARF1 in vitro whereas this reaction was less efficient with IpaJ C64A (Fig. 3f, lane 3 and 4) . Similar results were also observed when IpaJ was incubated with ARF1-strep isolated from mammalian cellular lysates following a similar procedure (Fig. 3g) .
Having established that IpaJ cleaves ARF1, we revisited our studies in yeast showing that IpaJ may target several host substrates including VPS15p, a lipidated kinase 14 . Although ARF1 and VPS15p are both N-myristoylated on their glycine-2 residue, they do not share any sequence or functional similarity. These observations suggested that IpaJ might cleave a broader range of substrates than initially suspected. To test this hypothesis, we labelled numerous of N-myristoylated proteins found in HEK293T cells and found that a large proportion of these proteins were demyristoylated in IpaJ-treated samples (Fig. 3h,  arrows) . The spectrum of N-myristoylated proteins was unaltered by IpaJ C64A mutant, thereby verifying the proteolytic-basis of this 
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reaction. IpaJ had no effect on either palmitoylation or geranylgeranylation, indicating that the protease specifically cleaves proteins modified by the myristoyl group (Fig. 3h) . N-myristoylated proteins share a conserved glycine but their sequences are otherwise highly variable (Fig. 4a) . To determine how IpaJ recognizes diverse substrates, we first generated chimaeric enhanced green fluorescent protein (EGFP) fusion proteins that expressed 10 amino-acid leader peptides derived from c-Src, MARCKs, hVPS15 and GRASP65, N-myristoylated proteins involved in cellular growth, signal transduction, autophagasome maturation and organelle function, respectively (Fig. 4a ) [18] [19] [20] [21] . IpaJ cleaved each of these lipid-modified peptides in a reaction requiring its cysteine protease activity (Fig. 4b) . The ability of IpaJ to cleave unrelated peptides suggested that the protease might recognize the lipidated glycine-2 common to all of its substrates. We found that soluble myristic acid was unable to inhibit ARF1 proteolysis, suggesting that IpaJ does not simply recognize long hydrocarbon chains ( Supplementary Fig. 8 ). However, protein lipidation was essential for proteolysis because IpaJ was unable to cleave non-myristoylated ARF1 in vitro ( Supplementary Fig. 9 ). When taken together, these data indicate that IpaJ specifically recognizes the conserved glycine-2 of substrates in context of its amide linkage to N-myristic acid.
N-myristoylation is unique among lipid modifications in that it undergoes a dynamic conformational switch in response to upstream signalling events (termed the 'myristoyl switch') 3 . For example, the myristoyl group is sequestered in GDP-inactive ARF1 and liberated for membrane binding and signalling by GTP exchange (Supplementary Fig. 10) 4, [22] [23] [24] . We found that IpaJ was unable to cleave ARF1 T31N (a GDP-bound mutant form), but efficiently cleaved ARF1 Q71L (a mutant locked it the GTP-bound active state) in cells (Fig. 4c) . These findings suggest IpaJ recognizes substrates as they cycle between activity-dependent conformational states. Consistent with this interpretation, microinjection of purified IpaJ induced the release of activated ARF1 from Golgi membranes just before organelle fragmentation (Fig. 4d) 
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Golgi is fragmented by VirA in this infection) or DipaJ/DvirA double mutant strains (Fig. 4e) . Extra cell-based experiments support the notion that GTP-active ARF1 is a physiological target of IpaJ during Shigella infection (Supplementary Figs 11-13 ), thereby defining a new mechanism for inhibition of cytokine secretion and immune detection by a bacterial pathogen.
Here we have determined that IpaJ is a cysteine protease that cleaves the N-myristoylated glycine from ARF1 and potentially numerous host cellular substrates. This discovery adds significantly to the small but increasing number of bacterial proteases that cleave lipidated proteins as a mechanism of microbial pathogenesis 25, 26 . Importantly, the ability of IpaJ to eliminate the N-myristoyl modification of unrelated proteins may allow Shigella to exploit signalling pathways in a variety of host cellular contexts 27 . Although extra studies will be needed to unravel the hierarchy of these events, our discoveries provide a unique framework from which to explore the functional consequences of protein N-myristoylation in human health and disease.
METHODS SUMMARY
All bacterial effector genes were amplified by PCR from S. flexneri M90T genomic DNA and cloned into the relevant expression vectors. S. flexneri M90T knockout strains were generated using a l red recombinase-mediated recombination system 28 . For the mucosal model of infection, S. flexneri strains were administered dropwise (10 6 colony-forming units (c.f.u.)) into the external nares of mice, and bacterial c.f.u. were enumerated by plating serial dilutions of lung homogenates as described previously 9 . For structural bioinformatics, HHpred was used to detect known Pfam domains with distant structural homology relationships, and PROMALS3D 29 was used to produce a multiple-sequence alignment to C39-like family members. We performed the yeast suppressor screen by integrating a single copy of the ipaJ under the Gal1 promoter into Y7092 yeast strain genome.
A Saccharomyces cerevisiae genomic library (Yep13 vector, American Type Culture Collection) was transformed into yeast and positive library clones were mapped by DNA sequencing. To identify post-translational modifications of IpaJ, liquid chromatography (LC)-MS/MS was performed as previously described 30 . To detect N-myristoylation of proteins, cells were metabolically labelled with myristic acid-azide 17 , and purified N-myristoylated proteins were labelled with Alexa Fluor 647 Alkyne using Click-iT Reaction Buffer (Invitrogen).
Full Methods and any associated references are available in the online version of the paper.
METHODS
Plasmids and cloning. Bacterial effector genes were amplified by PCR from S. flexneri M90T and cloned into pEntr/D, generating a Gateway TM compatible entry clone (Invitrogen) according to the manufacturer's recommendations. Twenty S. flexneri effectors were cloned into pEntr/D vector: IpaA, AAK18443.1; IpaB, AAK18446; IpaH1.4, AAK18594.1; IpaH2.5, AAK18367; IpaH4.5, AAK18395; IpaH7.8, AAK18394.1; IpaH9.8, AAK18544; IpaJ, AAK18440; IpgD, AAK18452; IcsB, AAK18450; OspB, AAL72323.1; OspC1, AAL72322.1; OspC2, AAW64906; OspD1, AAW64782; OspE1, AAW64916; OspE2, AAW64805; OspF, AAW64770; OspG, NP_085391; VirA, AAK18501. For mammalian expression, the effectors were then recombined into modified pcDNA3.1 vector carrying N-terminal eGFP or mCherry in frame with the Gateway cassette (Gateway TM vector conversion system, Invitrogen). For bacterial expression, a 50-amino-acid N-terminal deletion of IpaJ (IpaJD50; residues 51-259) was cloned in frame into pGEX-4T1 (GST-tag) (Amersham), yielding intact catalytic domain of IpaJ C-terminally fused to GSTtag. N-terminal deletion of ARF1 (ARF1D17; residues 18-181) was subcloned by PCR into pGEX-4T1 vector. Human GGA1 (GAT domain, residues 76-215) was amplified and cloned by PCR in frame into pET28b-MBP-His vector. For complementation of S. flexneri knockout strains, ipaJ was amplified and cloned by PCR into pBad/Myc-His vector to be expressed under arabinose-inducible promoter. mCherry was expressed from the rpsD promoter in pDP151 vector in Shigella strains. For galactose-induced yeast expression, ipaJ was recombined from pEntr/ D into Gateway TM -compatible pYes-Dest52 vector (Invitrogen) for expression under galactose-inducible promoter. Yeast arf1 and arf2 (SGD: S000002351, SGD: S000002296) were amplified by PCR from Yep13 genomic clones and cloned into p415 vector for yeast expression from a constitutively active promoter (GAPDH). Human full-length arf1 was cloned in frame into modified pcDNA3.1 vector carrying C-terminal mCherry or eGFP. Human GRASP65 was cloned in frame into peGFP-N2 vector. For expression of Strep-tagged full-length human ARF1 in mammalian cells, the arf1 complementary DNA (cDNA) (Missouri S&T cDNA Resource Center; ARF0100000) was first cloned into pEntr/D entry vector. The gene was then recombined into modified pcDNA4T/O vector carrying Gateway TM cassette and two repeats of C-terminal Strep-tag (Trp-Ser-His-ProGln-Phe-Glu-Lys, IBA GmbH). For expression of leader peptides bearing myristoylation signal sequences derived from c-Src, MARCKs, hVPS15 and GRASP65, cDNA sequences encoding 10 N-terminal amino acids (see Fig. 4a ) were cloned into modified pcDNA4T/O vector carrying C-terminal GFP and two repeats of Strep-tag. All site-directed mutations were generated using the QuickChange SiteDirected Mutagenesis Kit (Stratagene). More primer and plasmid information is available upon request. Bacterial infection of cultured cells. For Shigella infections, HeLa cells or HeLa cells stably expressing a GFP tag attached to the N-terminal Golgi retention signal of N-acetylglucosaminyltransferase I 31 (NAGFP HeLa) were seeded onto coverslips in six-well dishes the day before infection. Sodium butyrate at 5 mM was added to NAGFP cells after seeding to stimulate production of Golgi-localized GFP marker 31 . Shigella strains were inoculated from frozen stocks and grown overnight at 30 uC in brain-heart infusion media (BHI) (Difco TM , BD Biosciences). Bacteria were then back-diluted 1:50 and incubated at 37 uC until reaching D 600 , 0.5-0.6. Bacteria were then washed in 13 phosphate buffer saline (PBS) and incubated at 37 uC for 15 min in 0.003% Congo red. Twenty microlitres of bacterial suspension were then added to each well of a six-well dish of semiconfluent HeLa or NAGFP cells and centrifuged for 10 min at room temperature (1000g) to facilitate bacterial adherence. The plates were then incubated for 90 min at 37 uC, 5% CO 2 . The media was removed and the wells were washed three times with gentamicin (150 mg ml
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) followed by three washes with sterile PBS. Fresh antibiotic-free DMEM was added to each well after that and cells were incubated for an extra 2-4 h (37 uC, 5% CO 2 ). After incubation, the slides were fixed in 3.7% formaldehyde and prepared for microscopy. Golgi and F-actin were visualized with anti-GM130 (BD Transduction Laboratories) and rhodamine-phalloidin (Molecular Probes) respectively. For infections with S. flexneri knockout strains complimented with IpaJ (wild type and C/H/D mutants), overnight bacterial cultures were diluted 1:50 in BHI containing 2% arabinose and incubated until reaching D 600 , 0.5-0.6 as described above. Infections were performed in lowglucose media containing 2% arabinose to allow expression of IpaJ from arabinoseinducible promoter. For infections with S. flexneri strains expressing mCherry, ampicillin was added both to BHI and DMEM culture media.
A protocol for Salmonella infection of HeLa cells was adapted from previous studies 32 . S. typhimurium was grown overnight at 37 uC in a glass flask with shaking then subcultured (1:30) and grown for 3 h. One millilitre was pelleted, suspended in 13 PBS and added dropwise at various concentrations to semiconfluent HeLa cells in low-glucose DMEM110% FBS. Cells were incubated (37 uC, 5% CO 2 ) for 10 min, washed three times with PBS and incubated for an extra 15 min (37 uC, 5% CO 2 ) in fresh low-glucose DMEM 1 10% FBS. Cells were washed again with PBS and incubated in DMEM 1 10% FBS 1 100 mg ml 21 gentamicin before fixing with 3.7% formaldehyde at various time points. Cellular phenotypes were visualized as described.
L. monocytogenes was grown and prepared for HeLa infection as described 33 . Various concentrations of bacteria were added to semi-confluent HeLa cells in DMEM 1 10% FBS from an overnight culture of Listeria grown in BHI media. Cells were centrifuged (250g, room temperature, 5 min) and incubated (37 uC, 5% CO 2 ) for 10 min, then washed three times with 13 PBS. Fresh media containing 10 mg ml 21 gentamicin were added and cells incubated for an extra 4-6 h before fixation and visualization. Gene disruption in Shigella. The virA, ipaJ and mxiD genes were individually disrupted using the l red recombinase-mediated recombination system 28 . Briefly, a kanamycin resistance cassette flanked with 50 base pairs homologous to the gene of interest (virA, ipaJ or mxiD) was amplified from plasmid DNA (pKD3) (primer sequences are available upon request). PCR products were electroporated into S. flexneri strain M90T carrying the red recombinase plasmid pKD46. Transformants were selected by growth on Luria broth agar plates containing kanamycin (50 mg ml
) and simultaneously cured of pKD46 by growth at 42 uC overnight. The kanamycin resistance gene was eliminated through the introduction of the pCP20 helper plasmid that contained the FLP recombinase. Subsequent curing of pCP20 was done by growing strains at 42 uC for 5 h. Disruption of the virA and ipaJ genes was confirmed through DNA sequencing of the respective genetic loci. To generate the double strain (Shigella DvirA/DipaJ), the ipaJ locus was disrupted from a Shigella DvirA strain following the protocol described above. Shigella infection studies in mice. Female C57Bl/6 mice were purchased from the National Cancer Institute and used between 6 and 8 weeks of age. For infection, S. flexneri M90T or mutants were grown and back-diluted from the stationary to early log phase growth (D 600 , 0.1) in BHI media (BD Biosciences) at 37 uC, washed and diluted in sterile saline, and administered dropwise (10 6 c.f.u. in 30 ml volume) into the external nares of mice anaesthetized with ketamine/xylazine as described 9 . At the indicated time points after infection, mice were euthanized, and the recoverable bacterial c.f.u. enumerated by plating serial dilutions of the lung homogenate on BHI plates. Statistical significance was determined by a oneway analysis of variance (P , 0.01) Tukey post hoc test. The amounts of the TNF-a and IL-6 in the serum and lung homogenate were enumerated using commercially available enzyme-linked immunosorbent assay (ELISA) reagents (R&D Systems). All experiments were performed under University of Minnesota or Cincinnati Children's Hospital Institutional Animal Care and Use Committee approved protocols (S.S.W.). hGH trafficking assay. As previously described 7, 34 , HeLa cells (50% confluence) were transfected with 1 mg of 43 FKBP-hGH (Ariad Pharmaceutical; source of material, D. Bernstein) and either 0.5 mg eGFP-IpaJ, eGFP-VirA or pEGFP control plasmid with Fugene6 (Roche). Sixteen hours later, the medium was replaced with medium containing AP21998 (final concentration 2 mM) or vehicle control. AP21998 was incubated with the cells for 2 h before the supernatant was collected. The supernatant was then diluted 100-fold and compared against an hGH standard curve (12.5-400 pg ml 21 ) for the quantification of hGH released using an hGH enzyme-linked ELISA (Roche). For no drug controls, 100% ethanol (2 ml) was incubated with the cells for 2 h. IpaJ bioinformatics. HHpred was used to detect known Pfam domains (profile database search used: pfam version 25.0) with distant structural homology relationships to full-length IpaJ (GenInfo Identifier (GI): 12329066) with default parameter settings 35 . The DUF3335 (C39-like peptidase family) gave a probability score of 90.0. One hundred proteins in the Pfam database contain this domain. PROMALS3D was used to produce a multiple-sequence alignment with the eight IpaJ and 100 DUF3335 family members to identify invariant catalytic residues and confirm conserved secondary and hydrophobicity patterns 29 .
Recombinant protein expression and purification. Recombinant proteins (IpaJD50, ARF1DN17, GGA1 76-215 ) were expressed in BL21-DE3 E. coli strains by induction with 0.4 mM IPTG for 16 h at 18 uC. Pellets were lysed with His buffer (100 mM HEPES, pH 7.5, 300 mM NaCl) or GST buffer (Tris buffer saline (TBS); 50 mM Tris pH 7.5, 150 mM NaCl, 2 mM DTT) supplemented with protease cocktail (Roche). Proteins were purified with nickel agarose (Qiagen) or glutathione Sepharose (Amersham Biosciences) following the manufacturer's instructions. Eluted proteins were buffer exchanged into TBS using concentration centrifugal columns (Millipore); glycerol was added to 15% and the proteins were then stored at 280 uC. Cell transfections, microinjections and fluorescence microscopy. HEK293A, HeLa and NAGFP HeLa (see above) cells were transfected using FuGene6 (Roche) and incubated for 16-18 h. For expression of Strep-tagged proteins, HEK293T cells were transfected using calcium phosphate and incubated for 18-24 h. Equal amounts of DNA were used for co-transfection. Cells were then lysed (lysis buffer: 20 mM Tris HCl pH 7.5, 1.5 mM MgCl 2 , 350 mM NaCl, 0.5% NP-40, 5% glycerol)
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and sonicated for 5 s. The lysate was then clarified by centrifugation (15,000g, 10 min) and applied to Strep-Tactin Superflow Plus resin (Qiagen). After incubation (90 min, 4 uC) the column was washed three times (washing buffer: 20 mM Tris HCl pH 7.5, 1.5 mM MgCl 2 , 150 mM NaCl, 0.2% NP-40, 5% glycerol) and Strep-tagged proteins were eluted with 2.5 mM desthiobiotin (100 mM Tris?HCl, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, pH 8.0). Microinjections of IpaJD50 were performed using a semiautomatic InjectMan NI2 micromanipulator (Eppendorf). Recombinant proteins were diluted in 13 TBS with Cascade Blue (Invitrogen) fluorescent dyes until the final concentration of the protein of 1 mg ml 21 (21 mM). Cellular concentration of microinjected protein was estimated as 1 mM. For IpaJ C64A and ARF1 co-localization studies, HeLa cells were treated either with Brefeldin A (2.5 mg ml Yeast was streaked onto Yc-U agar media containing glucose or galactose and rafinose as carbon source. Yeast was cultured for at 30 uC for 3-5 days and the plates were visually inspected for growth. For the yeast multicopy suppressor screen, the ipaJ gene was stably integrated into Y7092 yeast strain genome (MATa can1D::STE2pr-Sp_his5 his3D1leu2D0ura3D0met15D0 lyp1D) as previously described 36 . The resulting strain Y7092-IpaJ (MATa can1D::STE2pr-Sp_his5 his3D1leu2D0ura3D0met15D0 lyp1D trp1D::GAL1-IpaJ-URA3) carryied a single copy of the ipaJ gene under control of GAL1 galactose-inducible promoter. Y7092-IpaJ cells were then transformed with the S. cerevisiae genomic library in the Yep13 vector (ATCC) and transformants were selected for survival on Yc-UL media containing 2% galactose and 1% raffinose as carbon sources. Positive clones were isolated and library vectors were sequenced. For the complementation assay, PCR-amplified yeast arf1 and arf2 were expressed in yeast under GAPDH promoter (see above). Top-down mass spectrometry. Strep-tagged ARF1 protein was co-transfected with IpaJ or control vector. ARF1-strep was purified with a Strep-Tactin Superflow Plus column and eluted with 2.5 mM desthiobiotin buffer (see above). Purified ARF1-strep was used for LC-MS/MS analysis.
LC-MS/MS was generally as previously described 30 . Optima-grade solvents and acids (Thermo Scientific) were used. Reverse-phase liquid chromatography (RPLC) capillary columns were packed in-house to a length of 15 cm with 5 mm diameter C18 Poroshell-300 resin (Agilent Technologies) in 75 mm inner diameter 3 360 mm outer diameter Picofrit columns (New Objective) with 15 mm inner diameter integrated micro-electrospray tips. A capillary column heater (Analytical Sales & Services) was used to maintain the column temperature at 60 uC during analysis. RPLC mobile phase A included 0.025% TFA, 0.3% formic acid and 5% acetonitrile in water. RPLC mobile phase B included 0.025% TFA, 0.3% formic acid and 20% isopropanol in acetonitrile. The elution gradient was 0% B at 0-3 min, 45% B at 3.01 min and 45-60% B from 3.01 to 23 min. Flow was regulated by an 1100-nano-LC (Agilent) at a flow rate of 0.5 ml min
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. Before analysis, the protein was de-salted using a C4 ZipTip (Millipore) as described previously and suspended in 0.2% formic acid in water. Approximately 1600 fmol of protein was loaded onto the capillary column per injection. Analysis was on an LTQ Orbitrap XLTM (Thermo Scientific) in full MS mode at 60,000 Fourier-transform mass spectrometry resolution, two microscans, maximum ion accumulation time of 500 ms, scan range from 800 to 2000 m/z, sourceinduced dissociation 5 25 V, tube lens 100 V, capillary voltage 50 V, capillary temperature 275 uC. MS/MS data were collected with the source-induced dissociation 5 60 V, tube lens 100 V, capillary voltage 50 V, capillary temperature 375 uC. The [M 16H]61 charge state of ubiquitin was used to tune the mass spectrometer. The 'Xtract' function in the XcaliburTM (Thermo Scientific) data system with a signal:noise of 3 was used to extract intact protein and fragment masses from the raw spectral data. All fragmentation data presented were the summation of scans across the entire protein elution profile. MS/MS data sets were interrogated with Prosight PC 2.0TM (Thermo Scientific). Analysis of the MS/MS data against the known ARF1 sequences without the correct modification state led to few or no b-ion matches. Replicate analysis was performed on each sample and assigned fragment ions were manually validated in raw data. Labelling N-myristoylated proteins by click chemistry and in vitro cleavage reaction. E. coli BL-21 cells expressing ARF1-His with or without yeast NMTp were grown overnight at 37 uC in LB media. Cultures were diluted 1:50 and incubated at 37 uC until reaching D 600 , 0.5-0.6. Myristic acid and azide myristic acid were added at the concentrations 50 mM and 5 mM respectively, and cells were additionally incubated for 30 min. Protein expression was then induced with 0.4 mM IPTG and cells were further incubated at 37 uC for 3 h. We estimated that N-myristoylated ARF1 is bound in a GDP:GTP ratio of 1:1 as assessed by GGAbinding assays. Expression of IpaJ or IpaJ C64A mutant was performed by the same method without adding myristic acid. ARF1-and IpaJ-expressing cells were lysed by sonication for 1 mn separately (lysis buffer: 20 mM Tris HCl pH 7.5, 1.5 mM MgCl 2 , 350 mM NaCl, 0.5% NP-40, 5% glycerol) and the lysates were mixed together and incubated for 30 min at 37 uC. ARF1 was then purified using nickel agarose (Qiagen). N-myristoylated proteins were labelled with Alex Fluor 647 Alkyne using Click-iT Reaction Buffer Kit (Invitrogen) according to instructions with modifications. Specifically, click labelling was performed on the proteins still bound to the column. The column was then washed and proteins were eluted with 500 mM imidazole/100 mM HEPES containing 1% SDS. The N-myristoylation status was analysed by in-gel fluorescence and the equal protein load was confirmed by Coomassie stain. For cleavage inhibition, free myristic acid or vehicle control (DMSO) was added to bacterial lysate containing ARF1 before adding IpaJ. After cleavage reaction, ARF1 was then labelled and purified as described above. To test the cleavage of non-myristoylated ARF1, a similar experimental setup was used with the following modifications: E. coli BL-21 cells expressing ARF1-His (in the absence of NMTp or exogenous myristic acid) were purified with Ni-NTA agarose, eluted with 500 mM imidazole/100 mM HEPES and processed for mass spectrometry.
For metabolic labelling in mammalian cells, myristic acid-azide (Invitrogen) was added to the cell cultures 6 h after transfection at final concentration 10 mM and incubation was continued overnight. The next day, Strep-tagged proteins were purified using Strep-Tactin SuperFlow Plus columns (see above). N-myristoylated proteins were labelled with Alex Fluor 647 Alkyne as described above. The column was then washed and proteins were eluted with 2.5 mM desthiobiotin elution buffer. Purified proteins were separated on SDS-polyacrylamide gel electrophoresis gel and transferred onto nitrocellulose paper (Biorad) for probing with STREPtactin-HRP (Biorad). Fluorescence was analysed both in SDS-gel and on nitrocellulose paper (collectively 'in-gel fluorescence'). Expression of IpaJ-GFP (wild type or catalytic mutants) was confirmed by probing cell lysates with anti-GFP antibodies (Clontech) and secondary HRP-anti-rabbit IgG antibodies (Invitrogen). Expression of GRASP65-and hVPS15-GFP chimaeric proteins was probed in cell lysate, before protein purification. For in vitro cleavage reaction, ARF1-strep transfected cells labelled with myristic acid-azide were lysed and 3 mg of recombinant IpaJ D50 (wild type or C64A catalytic mutant) were added into 20 ml of the lysate. After incubation at 37 uC for 30 min, myristoylated ARF1-strep was labelled and analysed as described above. For analysis of cleavage of multiple proteins, HEK293T cells were cultured in the presence of azide-modified moieties (myristic acid, palmitic acid, geranylgeranyl alcohol) according to the Click-iT protocol. Cell lysates were incubated with 3 mg of IpaJ D50 (wild type or C64A) for 30 min at 37 uC. Proteins containing azide-modified moieties were then labelled with Alex Fluor 647 Alkyne and purified according to the Click-iT labelling protocol.
